Context: Exercise elicits incompletely defined adaptations of metabolic and endocrine milieu, including the gonadotropic and corticotropic axes.
T estosterone (T) secretion, which is tightly regulated within the hypothalamic-pituitary-gonadal (HPG) axis (1), is extremely important for its anabolic effects on virtually all body systems (2) . After maximal T levels are reached in puberty, cross-sectional, but also longitudinal, studies have demonstrated an age-related decline, not unlike that observed for growth hormone (GH) and insulinlike growth factor type I. Studies in older men have shown that age-related T decline is associated with decreased luteinizing hormone (LH) pulse amplitude together with increased LH pulse frequency, reduced Leydig cell responsiveness to LH, and diminished T-LH feedback strength (3) . Aside from aging, T levels are negatively influenced by many clinical conditions, including obesity, insulin resistance, diabetes type II, diet, medications, exhaustive exercise, opiates, and chronic inflammatory conditions (3) .
Age-related T decline is associated with reduced physical stamina, osteopenia, relative sarcopenia, visceral obesity, sexual dysfunction, reduced sense of well-being, and cognitive impairment (3) . Therefore, prevention of age-related T decline is an important theme to limit the potential burden for health care and maximize individual well-being. The clinical important question is whether exercise has a beneficial effect on T levels. Publications on the effect of chronic or highly aerobic exercise programs are conflicting: increased T levels are reported in some studies (4, 5) , unchanged levels in others (6, 7) , and substantially decreased T, free T, LH, and folliclestimulating hormone (FSH) concentrations along with elevated sex hormone-binding globulin and poor semen quality in a large study comprising 362 healthy men (8) . The underlying reasons for these discrepancies are not immediately evident, but they may be related to different exercise protocols (both intensity and duration of exercise), general physical condition of the participants, age of the participants, body mass index of the participants, and training status. Acute exercise on a cycle ergometer in trained athletes and controls induces a rapid T and/or free T increase (9, 10) . Comparable results were obtained after a brief bout of heavy resistance exercise (11) .
Activation of the hypothalamic-pituitary-adrenal (HPA) axis has been known for a long time. Early investigations demonstrated time-dependent increases of ACTH and cortisol in sedentary, moderately trained, and highly trained men, with the latter group showing diminished hormonal responses to treadmill exercise (12) . Additionally, highly trained men had a diminished ACTH response to ovine corticotropin-releasing hormone, consistent with sustained mild hypercortisolism (13) . HPA axis activation also depends on the kind of exercise, the duration of exercise training, and the age of the individual (14) . Thus, in general, sedentary untrained men have a more pronounced ACTH and cortisol response than trained individuals (12) . The effect of age on the activation of the HPA axis was investigated by comparing a group of 30-year-old men with a group of 62-year-old men (14) . Heavy resistance training diminished the ACTH and cortisol responses in both groups. Basal (unstimulated) cortisol, however, decreased in the older group without any change in plasma ACTH concentrations, suggesting diminished adrenal responsivity. Acute endurance or strength exercise also increased 11b-hydroxysteroid dehydrogenase activity, the enzyme responsible for intracellular conversion of cortisone in cortisol (15) .
A common drawback of many of these studies is the small sample size. In addition, most investigations compared only one basal measurement with one or more samples at later time points, but no frequent sampling during the actual exercise and during the recovery period. Frequent blood sampling is required for precise investigation of the dynamics of feedback-controlled hypothalamic pituitary systems. Accordingly, the present investigation uses frequent blood sampling (every 10 minutes) for 6 hours in 23 men to quantify the individual and joint responses of LH and T, and ACTH and cortisol, to acute (30-minute) moderate exercise in untrained healthy men. Thereby, we quantify the individual and synchronous secretion of LH-T and ACTH-cortisol couples in relation to age, body mass index, abdominal visceral fat, physical fitness, and baseline endocrine data under acute exercise drive.
Methods

Overall design
This study assessed LH-T and ACTH-cortisol secretion during fasting and rest compared with that in response to a physical stressor, induced by submaximal exercise during fasting. Experiments were carried out in healthy men in a within-subject crossover design in prospectively randomized order for rest vs exercise, wherein each individual served as his own control.
Subjects
Healthy community-dwelling volunteers provided written, witnessed informed consent approved by the Mayo Institutional Review Board. Participants were required to pass baseline wellness screening, which included medical history, physical examination, and blood chemistries to test hepatic, renal, metabolic, endocrine, and hematologic functions. Exercise safety screening comprised 12-lead electrocardiographic monitoring during maximal cycle ergometry at the Mayo Cardiovascular Health Center. Allowable ages were 18 to 80 years.
Exclusion criteria
Individuals unable or unwilling to provide written voluntary consent for any reason, including cognitive decline or mental illness, were excluded. Volunteers with orthopedic limitations, hypertension, diabetes mellitus, cardiovascular disease, cancer, sleep apnea, pulmonary disease, weight loss (.2 kg in 6 weeks), drug or alcohol abuse, psychiatric disability, hematologic disorders, acute or chronic inflammatory conditions, renal insufficiency, hepatic disease, chronic infections, including viral hepatitis or HIV, and subjects receiving systemic medications were excluded. Allowable exposures were replacement thyroid hormone, laxatives, antacids, ophthalmic solutions, diuretics, or skin preparations. Hypogonadism (serum total T ,240 ng/dL, LH .12 IU/L, and/or FSH .16 IU/L), glucocorticoid use, and transmeridian travel (over three time zones) in the 10 days prior were also disallowed.
Protocol
Eligible volunteers were admitted to the Mayo Center for Translational Sciences Activities the evening before blood sampling. Beginning at 7:00 PM, subjects remained supine and fasting except for water, diet soda, and other noncaloric and noncaffeinated fluids. The next day, blood was sampled from an arm vein every 10 minutes from 7:00 AM to 1:00 PM for LH, total T, ACTH, and cortisol measurements. This 6-hour block permitted 1-hour basal sampling before exercise or rest during the interval between 8:00 and 9:00 AM, followed by five additional hours of sampling. Exercise comprised sequential bouts of 7 minutes of bicycle ergometer at 65% individual peak workload alternating with 2 minutes of bilateral arm curls. Curls began at 9 kg and decreased to 7, 5, or 2 kg as necessary to sustain one complete curl every 2 seconds by metronome. Each 9-minute exercise parcel was followed by a 1-minute rest and blood sample. Three such 10-minute exercise parcels were completed in succession for the total 30-minute bout. The mixed exercise sequence was conducted in the Energy Balance Core Laboratory of the Mayo Center for Translational Sciences Activities with a physician in attendance.
Assays
LH and T were determined in duplicate and batch wise in each subject (one batch of two sets of 37 samples, totaling 74 samples). LH was measured using an automated two-site monoclonal immunochemiluminescence assay with a sensitivity of 0.20 IU/L (first international reference preparation) and median inter-and intra-assay coefficients of variation of 5.5 and 8.5, respectively. Cross-reactivity with FSH, thyrotropin (TSH), a subunits, or free LH b subunits is ,0.1%. Total T concentrations were assessed in duplicate by robotics-automated chemiluminescence assay. Sensitivity was 20 ng/dL, and median intraand interassay coefficients of variation were 5.2% and 8.3%, respectively. This assay correlated at R = 0.975 with a slope of 1.12, with T measured by mass spectrometry. Plasma ACTH was assayed in each 10-minute sample via sensitive and specific, solidphase immunochemiluminescent assay (Siemens Health care Diagnostics, Deerfield, IL). The detection threshold was 5 ng/L (divide by 4.5 for pmol/L). Intra-assay coefficients of variation were 6.4%, 2.7%, and 3.2% at 5.7, 28, and 402 ng/L, respectively. Cortisol was assayed via competitive binding immunoenzymatic assay (Beckman Coulter, Fullerton, CA). The detection limit was 0.4 mg/dL, and intra-assay coefficients of variations were 13%, 9.4%, and 6.6% at 1.6, 2.8, and 30 mg/dL, respectively. Other screening measures were made in the Mayo Clinical Laboratory exactly as described (16) .
Computed axial tomography
Relative obesity was appraised via single-slice computed axial tomography of the abdomen at L3-4 interface to estimate visceral and total abdominal fat (the sum of visceral fat and subcutaneous fat) as surrogates of body composition, as described (17) .
Approximate entropy
Adaptive ensemble (network-like) control of hormone release patterns was appraised via the approximate entropy (ApEn) statistic (18) . ApEn is a recently validated patterndependent regularity measure, which serves as a sensitive (.90%) and specific (.95%) discriminative metric of interactive complexity (number of connections) and strength (dose-response interface properties) in various interlinked (parameter-coupled) systems (19, 20) . The statistic is calculated on a time series as a single, finite, positive, real number (between 0 and 2.3 in log base 10 data). Technically, ApEn is defined as the (negative logarithm of the) summed probabilities that data patterns of vector (window) length m in a numerical sequence of length N (measurements) recur on next (m = 1) incremental comparison within a threshold (tolerance) range r, normalized to 20% of the overall series standard deviation, as validated for neurohormone data (21, 22) . ApEn provides a model-free and scale-invariant statistical estimate of relative stochastic and deterministic control of time-series substructure and therefore is thematically distinct from, but complementary to, deconvolution analysis. Larger ApEn values denote greater process randomness, as observed in hormone-secreting pituitary adenomas (23, 24) .
Cross-ApEn
Bivariate cross-ApEn is a scale-and model-independent regularity statistic which quantifies the relative pattern synchrony of coupled time series (25) . Changes in the cross-ApEn reflect feedback and/or feedforward alterations within an interlinked axis, with the cross-ApEn of LH-T or ACTHcortisol representing feedforward synchrony and cross-ApEn of T-LH or cortisol-ACTH indicating feedback synchrony (26) .
Data analysis
The primary measurable end point was the difference between the 10-minute serum LH (and T) and ACTH-cortisol concentration time series of the exercise and control sessions, called the within-subject incremental LH (and T) and ACTH (and cortisol) time series. For treatment 3 time comparisons, the incremental time series was assessed in sequential 1-hour bins (means of six consecutive samples) by analysis of variance for repeated measures, followed by univariate linear regression analysis with physical data, endocrine data, and body composition (Table 1) . Means of data were evaluated by Student t test. The LH-T and ACTH-cortisol concentration series were also evaluated by cross-correlation analysis. The effect of age on the incremental T response to exercise was estimated by linear regression. The null hypothesis assumes that the slope for the linear regression is zero. We expected to reject the null hypothesis by showing that the slopes are negative with respect to age. The power for detecting a 35% contribution to the slope variance by age if 25 men complete the study is 90% under the conditions of assuming a younger to older adult decrement of 108 6 21 ng/dL in T concentrations one-sided (P # 0.025). Calculations were performed with Systat 13 (Systat Software, Inc., San Jose, CA) and MATLAB 8.6 (The MathWorks, Inc., Natick, MA). Data are presented as the mean 6 standard error of the mean. P , 0.05 was construed as significant for the overall study.
Results
All 23 male volunteers completed the studies. By a priori intention, age ranged from 19 to 77 years, and body mass index ranged from 19.8 to 36.5 kg/m 2 . Other details of the subjects are listed in Table 1 .
HPG axis
Mean LH and T concentration profiles are plotted in Fig. 1(a) and 1(b) . Compared with the control resting condition, exercise for 30 minutes induced an acute rise in LH and T lasting for approximately 2 hours. The mean 10-minute concentration differences are plotted in Fig. 2 (a) and 2(b). Maximal differences were approximately 1 IU/L for LH and 100 ng/dL for T. Further analysis used hourly bins, containing the difference of the average of six consecutive 10-minute blood samples [ Fig. 3(a) and 3(b) ]. During the second compared with the first hour of the experiment, hourly incremental (exercise minus rest) LH and T concentrations increased with 30-minute exercise. Specifically, LH increased from 20.055 6 0.187 IU/L (hour 3) to 0.755 6 0.245 IU/L (hour 2). The overall analysis of variance was significant (P = 0.019), and the contrast between the first (baseline) and second (exercise) hour was significant (P = 0.003), but not between the first and third hour (P = 0.81). Incremental T rose from 29.6 6 16.7 ng/ dL (hour 1) to 47.6 6 17.1 ng/dL (hour 2) (analysis of variance, P , 0.0001). The contrast between the first and second hour were significant (P , 0.0001), whereas changes beyond the second hour were not significant (P = 0.24).
By regression analysis, LH and T increases in the second hour were not related to any of the basal characteristics, viz., age, visceral fat, physical power, estradiol, T, GH, and insulinlike growth factor type 1. However, basal T concentrations were negatively correlated with age [R = 0.55, P = 0.01, b (slope) = 24.92 6 1.71].
The results of ApEn (regularity measure) and cross-ApEn (synchrony measure) are shown in Table 2 . Whereas LH ApEn remained unchanged during exercise, T ApEn decreased, indicating a more regular secretion pattern. Both LH-T (forward) cross-ApEn and T-LH (reverse) cross-ApEn decreased significantly, pointing to increased coupling of LH on T drive and T on LH feedback. By using the difference between the forward cross-ApEn and the backward crossApEn, the relative strength of both components of the closed system can be assessed. During the control experiment, the difference amounted to 20.129 6 0.048 (P = 0.013 vs zero), and during exercise, the difference was 20.183 6 0.045 (P = 0.001 vs zero). These results point to a stronger feedback than feedforward coupling of LH-T, and no difference in feedback/feedforward relative strength induced by exercise. Body mass index was not related to ApEn or crossApEn, whereas age was positively related to cross LH-T ApEn during exercise (R = 0.50, P = 0.02).
By cross-correlation analysis, (feedforward) correlation coefficient (normal range varying from 21 to 1) for LH-T coupling was 0.38 6 0.04 during the control experiment and increased to 0.53 6 0.04 (P = 0.006) during exercise. The lag times at which the maximal correlation occurred were 39 6 6 to 29 6 5 minutes (P = 0.14).
HPA axis
ACTH and cortisol concentration plots are shown in Fig. 1(c) and 1(d) . Maximal values for ACTH and cortisol, induced by exercise, occurred after 40 and 50 minutes and returned to basal after 100 and 140 minutes, respectively. Within-subject mean 10-minute concentration differences are plotted in Fig. 2 
(c) and 2(d).
Maximal differences were 125 ng/L for ACTH and 11.2 mg/dL for cortisol. Corresponding results for incremental hourly bins are shown in Fig. 3(c) and 3(d) . Exercise-day plasma ACTH concentrations increased over these of the rest day; viz., incremental (exercise minus rest) values were 2.94 6 2.2 ng/L (hour 1) and 71.2 6 16.1 ng/L (hour 2). The overall analysis of variance was significant (P , 0.0001), and the contrast between the first (baseline) and second (exercise) hour was significant (P , 0.0001). After the maximum at hour 2, all successive values were lower (P , 0.0001). Incremental (exercise minus rest) cortisol increased from 0.45 6 0.76 mg/dL (hour 1) to 7.27 6 0.64 mg/dL (hour 2) and 6.52 6 0.87 mg/dL (hour 3) (analysis of variance, P , 0.0001). The contrasts between the first hour and the second and third hours were highly significant (P , 0.0001), whereas changes beyond the third hour were not (P = 0.65).
The results of ApEn (regularity measure) and cross-ApEn (synchrony measure) are shown in Table 2 . ApEn of ACTH and of cortisol decreased considerably during exercise, indicating a more regular secretion pattern (P , 0.0001). Likewise, ACTH-cortisol (forward) cross-ApEn and cortisol-ACTH (reverse) cross-ApEn decreased significantly (P , 0.0001), pointing to enhanced coupling of ACTH on cortisol drive and cortisol's inhibition of ACTH secretion. The difference between the forward and backward cross-ApEn of ACTH and cortisol was 20.102 6 0.026 (P = 0.001 vs zero) during exercise.
Discussion
This prospective randomized crossover study examined the individual and conjoint responses of LH and T to moderate combined exercise applied by a bicycle ergometer and resistance exercise in a group of 23 healthy men of varying age and body mass index. The community-dwelling volunteers were untrained individuals, thus simulating a nominal daily life exercise experience. Thirty minutes of mixed exercise of moderate intensity (65% maximal oxygen consumption) caused a sharp concomitant increase in serum LH and T concentrations, followed by a decline to basal levels within 1 hour. This observation agrees with a study in 8 young (mean age, 29.8 years) and older (mean age, 62 years) men, who were active in recreational sports and jogging. A single bout of heavy resistance exercise caused an immediate increase in serum T and free T concentrations, declining gradually after 30 minutes (11). The increase in T concentrations was larger in the younger group. The current study could not demonstrate an age dependency of T increase, but we cannot exclude the possibility that the study was underpowered in this respect.
Earlier studies of chronic and acute exercise often did not investigate LH, and did not compare outcomes intraindividually between a rest and a calibrated exercise session. Furthermore, the number of blood samples was limited, generally to one basal level and one after acute exercise or several samples during a chronic exercise program. This is a controlled study quantifying the individual and coordinate regulation of T and LH and ACTH-cortisol secretion, prior to exercise, during exercise and thereafter, using frequent (10-minute) and prolonged (6-hour) blood sampling to capture secretion, regularity, and synchrony dynamics.
The influence of age on the response of T to exercise is controversial. A study by Kraemer et al. (11) demonstrated an age effect by contrasting 30-vs 62-year-old subjects. In our study, age was not related to the intraindividual increment in T induced by exercise (R 2 = 0.016, P = 0.57). The same inference applied to LH (R 2 = 0.029, P = 0.44). Explanations for the absence of an age effect could be that our study was underpowered, or that the exercise paradigm per se influences an age effect. Notably, unstimulated baseline resting T concentrations in our cohort were negatively related to age, as reported in many other healthy male cohorts (3). ApEn of T decreased during exercise, quantifying increased regularity of T secretion. T secretion became more orderly, independently of LH regularity, because LH ApEn remained unchanged. ApEn of T has been studied in healthy men during intravenous LH pulses under gonadotropin-releasing hormone-receptor blockade. Hourly LH injections cause a lower T ApEn than two hourly injections, indicating that T regularity is a function of LH pulse frequency (3, 13, 25) . However, in exercise, endogenous LH pulse frequency and LH pulse regularity were unchanged. The biologic importance of this finding and its underlying mechanism is unclear. However, the existence of a hypothalamic-spinal cord-testis neurogenic circuit in experimental animals (27, 28) allows the hypothesis that exercise augments brain-testis coupling. Neuronal pathways between brain and endocrine organs have also been described for the adrenal gland, thyroid, ovary, and endocrine pancreas (29) (30) (31) .
Indeed, the exercise-associated decreases in feedforward and feedback cross-ApEn values (joint synchrony measures) imply quantifiably enhanced testis and gonadotroph coupling in both directions. An independent observation, pointing to the same conclusion, was the increased cross-correlation coefficient. Conversely, aging attenuates both the regularity and joint synchrony of LH and T secretion in men (26) . The present data indicate that exercise can oppose the aging effect on the HPG axis by enhancing LH-T and T-LH coupling, but this outcome should be confirmed in a larger study in elderly men.
Acute exercise not only activates the HPG axis, but also the HPA, somatotropic, and lactotropic axes, leading to increased secretion of ACTH, cortisol, dehydroepiandrosterone, GH and prolactin, and cytokines and catecholamines (32) (33) (34) (35) . Earlier data on TSH, thyroxine, triiodothyronine, and reverse triiodothyronine did not show consistent changes during acute exercise experiments in healthy volunteers with different levels of physical training, but a more recent study found a modest rise in TSH and free thyroxine, but a fall in triiodothyronine and free triiodothyronine at high-intensity exercise in 60 well-trained athletes (34) .
Plasma vasopressin and oxytocin concentrations also increase during acute exercise (36) . Whether these endocrine responses influence the coordinate LH-T and ACTH-cortisol responses reported here is not known.
The changes observed for the HPA axis are comparable with those found for the HPG axis. Submaximal exercise resulted in an acute short-lived strong activation of the HPA axis, with enhanced secretion regularity of both ACTH and cortisol and with increased bidirectional coupling of ACTH and cortisol. HPA activation includes activation of the central catecholaminergic system, release of corticotropin-releasing hormone and arginine vasopressin, and pituitary-adrenal hormone outflow. Sensitivity of the adrenal gland to ACTH can be modulated by functional suprachiasmatic-spinal cord-splanchnic neuronal pathways, possibly responsible for the acute rise of cortisol without a rise in ACTH after exposure to bright light, and conversely diminished adrenal sensitivity to ACTH in obese premenopausal women (29, (36) (37) (38) . We therefore hypothesize that central sympathetic neural outflow to the adrenal gland could mediate rapid adrenal responsiveness to ACTH in exercise also.
Comparable with LH, the secretion regularity of ACTH increased substantially during and after exercise. Similar dramatic increase of ACTH ApEn is observed during partial blockade of cortisol synthesis by ketoconazole. Thus, centrally activating the HPA axis via increased corticotropin-releasing hormone and arginine vasopressin signaling, whether by exercise or via diminished feedback, leads to increased ACTH secretion regularity (39) . The increased synchrony between ACTH and cortisol secretion observed here during exercise has not been demonstrated in other conditions where the HPA axis is modulated.
Caveats of the study include the relatively small number of volunteers and the wide body mass index and age ranges explored.
In summary, acute moderate, combined aerobic and resistance exercise for 30 minutes causes rapid coordinate LH-T and ACTH-cortisol secretion. Synchrony analysis demonstrates further that exercise enhances gonadotrophLeydig cell and corticotrope-adrenal feedforward and feedback synchrony. Whether central neurogenic mechanisms mediate such bidirectional synchrony enhancement is not yet known.
